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Florida’s aquifer system exhibits varying hydrogeological characteristics such as shallow 
depth to aquifer and karst features. These characteristics contribute to spatial variability in 
ground water vulnerability to nitrogen contamination. The vulnerability of ground water warrants 
vulnerability studies that allow the zonation of areas more or less susceptible to contamination 
from land use practices. This study provides a method to identify areas vulnerable to 
contamination by examining the fate and transport of ammonium and nitrate from onsite 
wastewater treatment systems (OWTS) through a geographic information system (GIS) based 
modeling approach. Initial concentrations of ammonium and nitrate will be applied to the soil 
surface as a uniform blanket application input and as a discharge input from existing OWTS 
application. The contaminant will undergo fate and transport processes as it percolates towards 
the water table. These processes are represented by a simplified advection - dispersion equation. 
The simplified equation ignores the effect of dispersion, assumes steady state, and utilizes a 
subset of equations to describe the nitrification and denitrification processes through considering 
first-order reaction, sorption processes, and operational parameters. The operational parameters 
considered in this model include effluent concentration, hydraulic loading rates, porosity, depth 
to water table, soil moisture, and soil temperature. The spatially variable parameters used in the 
calculation are incorporated into the GIS-based model to produce zonation maps illustrating 
Florida’s surficial aquifer vulnerability based on the remaining nitrate concentration reaching the 
water table. The GIS-based model considers two different contaminant transport models, the 
single step model and the two step model for both blanket application and existing OWTS 
application of the initial contaminant. The single step model considers nitrification and 
denitrification as separate processes while the two step model uses the nitrate concentration 
converted from nitrification as an input concentration into the denitrification process. In addition, 
results from the existing OWTS application is symbolized with a probability analysis to 
determine areas most susceptible to nitrate contamination. The resulting maps from the different 
modeling approaches are classified into vulnerability classes based on the natural breaks in the 
data. Areas identified in the vulnerability maps will facilitate planners in making informed 
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Prediction nitrogen fate and transport in the subsurface is important for water resource 
management. In Florida, onsite wastewater treatment system (OWTS) has been a feasible and 
economical wastewater treatment option for about 30% of the Florida’s population (Florida 
Department of Health, 2014).  Nitrogen released from OWTS mostly in the form of ammonium 
and nitrate, negatively impacts human and environmental health. High levels of nitrate have been 
shown to cause methemoglobinemia in infants and eutrophication in water bodies (Withers et al., 
2011). The detrimental impact of excess nitrate in the environment warrants vulnerability studies 
that allow the delineation of areas more or less susceptible to contamination from land use 
practices. An aquifer vulnerability model has been developed during this study, which models 
the nitrogen fate and transport in Florida’s spatially varying hydrogeological system. The model 
utilizes unsaturated zone flow through the transport equation and considers the nitrification and 
denitrification processes integrated into a Geographic Information System (GIS) to identify 
vulnerable areas. These identified areas will assist planners in making informed decisions in 
groundwater protection and management (Babiker et al., 2005). 
1.1 Statement of Purpose 
The purpose of this study is to provide a method to identify areas vulnerable to 
contamination by examining the fate and transport of ammonium and nitrate through a GIS-
based modeling approach. Groundwater contamination from OWTSs affects the surficial aquifer 
system and surface water bodies due to percolation and subsurface transport of the nitrogen rich 
effluent. The Environmental Protection Agency (EPA) sets recommendations on the maximum 
contaminant level (MCL) for nitrate in drinking water at 10 mg/L nitrate nitrogen (NO3-N). To 
prevent the exeedance in nitrate levels, it is crucial to manage land use practices that introduce 
the contaminant into the subsurface. Management of land use practices will be assisted with the 
developed aquifer vulnerability maps. 
1.2 Scope of Research 
 The scope of this study includes development of a GIS-based nitrogen removal model by 
incorporating soil and hydrological data for the entire State of Florida. The aquifer vulnerability 




existing OWTS application. OWTS introduces effluent via drainfields into subsurface trenches. 
As the nitrogen rich effluent percolates towards the water table, it undergoes fate and transport 
processes. These processes are considered through a subset of equations representing the 
nitrification and denitrification process via first-order reaction rate, sorption processes, and other 
operational parameters. The spatially variable parameters, obtained from a compilation of soil 
and OWTS data, are inputted into ArcGIS for different contaminant loading scenarios for 
calculation to produce zonation maps illustrating Florida’s surficial aquifer vulnerability. The 
final results consist of surficial aquifer vulnerability maps based on the probability of 
contamination determined by the fate and transport of nitrogen. The GIS-based model will 






















CHAPTER 2  
BACKGROUND 
The following section discusses the source of nitrogen contamination, fate and transport 
of nitrogen, implications of high nitrogen levels, location of interest, and previous studies. The 
background information will provide a foundation upon which the research assumptions rely.  
2.1 Onsite Wastewater Treatment Systems as a Source of Nitrogen 
In Florida, about 30% of the population depend on OWTSs to treat their wastewater. In a 
conventional OWTS, wastewater is treated in a septic tank and then discharged into the 
subsurface from a drainfield connected to the septic tank, introducing a source of high nutrient 
loading. It is estimated that about 60 mg- N/L, mostly in the form of ammonium, after 
conversion from organic nitrogen via decomposition by bacteria in the septic tank, is discharged 
into the subsurface (Crites and Tchobanoglous, 1998).  
 In advanced OWTS with aerobic treatment units, nitrogen discharge into the subsurface 
is mostly in the form of nitrate. Aerobic treatment units provide an additional component to the 
system, which exposes the effluent to air to facilitate aerobic degradation. This process allows 
nitrification to occur in the unit, thereby transforming the ammonium into nitrate before 
application to the soil treatment unit. The concentration of nitrate released from advance OWTS 
is 60 mg-N/L as nitrate, assuming all of the ammonium nitrogen (NH4-N) is converted into 
nitrate within the aerobic unit. 
2.2 Nitrogen Fate and Transport 
The microbial facilitated nitrification and denitrification processes control the fate of 
nitrogen in the subsurface. Nitrification and denitrification reactions transform nitrogen into 
nitrate and nitrogen gas, respectively, with nitrate contributing to varying health and 
environmental impacts.  
2.2.1 Nitrification process 
Nitrification is the biological oxidation of ammonium in a two-step process (ammonium 
to nitrite and nitrite to nitrate) induced by autotrophic bacteria. OWTS effluent releases nitrogen 
mostly in the form of ammonium, which dominates in acidic to neutral soils (Tisdale et al., 




retarding its transport in the subsurface and holding the ammonium for nitrification. The 
nitrifying bacteria use free dissolved oxygen as electron acceptors to build organic molecules 
using energy from ammonium and nitrite. Nitrosomonas bacteria oxidizes ammonium to nitrite 
and then nitrobacter bacteria oxidizes nitrite to nitrate. The reaction is generally coupled and 
proceeds rapidly to form nitrate, with 1 mole of ammonium producing 1 mole of nitrite and 
subsequently 1 mole of nitrate (Youssef, 2003). 
 
 (2.1) 
2.2.2 Denitrification process  
Denitrification reaction is the main process controlling nitrate transformation in the 
subsurface. Nitrate is a mobile and soluble compound that can leach into groundwater and persist 
for decades when not attenuated (Nolan et al., 2002). Nitrate is mostly inert and does not retard 
in the subsurface, but retardation is observed in laboratory settings where the soil consist of 
poorly crystalline materials that carry variable surface charge. Affects from retardation are 
negligible when compared to the denitrification process. Denitrification is a microbial facilitated 
process, which changes the fate of nitrate to nitrogen gas and is the most significant mass 
removal process (Rivett et al., 2008). The half reaction of nitrate reduction, which produces the 
stable endpoint of nitrogen gas, is shown below: 
 
           (2.2) 
 
Microorganisms oxidize organic carbon with nitrate as an electron acceptor in anoxic conditions. 
Denitrification is most significant in anoxic conditions because oxygen is usually the preferred 
electron acceptor due to its greater energy supply; when oxygen is not present, nitrate becomes 





Figure 2.1: Thermodynamic sequence of electron acceptors for oxidation of organic carbon in the 
saturated zone. Figure from Rivett et al. (2008). 
2.3 The Human and Environmental Impacts of Excess Nitrogen 
Nitrate is a contaminant of concern due to its human health impacts. The maximum 
contaminant level goal (MCLG) set by the EPA (2012) is 10 mg/ L for NH3-N. The MCLG is a 
non-enforceable health goal based on possible health risks and exposure over a lifetime with an 
adequate margin of safety (EPA, 2012). To decrease exposure to nitrate in drinking water, the 
EPA has set an enforceable MCL at 10 mg- N/L as nitrate under the Safe Drinking Water Act 
(EPA, 2012). MCLs are set as close to the health goal as possible, with considerations in cost, 
benefits, and ability of public water systems to detect and remove the nitrate using treatment 
technologies. The MCL of 10 mg-N/L as nitrate is set at the MCLG because analytical methods 
and treatment technology does not pose limitations on the detection and treatment of nitrate.  
Nitrate in drinking water is regulated by the EPA to protect the public from possible 
health risk. Infants under six are the most susceptible to illness from the excess nitrate. Excess 
nitrate consumption results in shortness of breath and blue baby syndrome. Blue baby syndrome 




body due to reduced levels of hemoglobin (WHO, 2013). This syndrome is caused by the body’s 
conversion of nitrate to nitrite, which reacts with the hemoglobin, affecting the blood's ability to 
carry oxygen. The excess nitrate also affects adults with pre-existing health conditions.  
The main environmental concern of excess nitrogen is eutrophication. Like crops, plant 
growth in estuaries and costal zones is limited by nitrogen. Excess nitrogen in those waters result 
in significant plant growth and decay. In water bodies, the decay of plants uses the limited 
amount of dissolved oxygen. The increased amount of plants available for decay leads to anoxic 
environments, altering the rates and types of primary producers. Plant decay introduces large 
amounts of new organic carbon, which stimulates microbial reaction and further depletes oxygen 
in the process. After the depletion of oxygen, microbes will use the next energy favorable 
electron acceptor, nitrogen. The use of nitrogen in denitrification is an anoxic process 
contributing to eutrophication. Eutrophication from excess nitrogen is of concern because by 
2025, it is estimated that 75% of the population will live near coastal waters. This is a 15% 
increase in coastal population. The increase population will enhance nitrogen discharge from 
human activities into the water bodies (Meile et al., 2010).  
2.4 Study Area 
The three main aquifer systems in the State of Florida include: the Surficial Aquifer 
System (SAS), the Intermediate Aquifer System (IAS), and the Floridan Aquifer System (FAS). 
While the IAS and the FAS are mostly confined, the SAS is comprised of unconfined aquifers, 
including the Sand and Gravel aquifer and the Biscayne aquifer, where confined zones from clay 
beds serve as a drinking water source to most residents (Figure 2.2). Due to its proximity or 
connectedness to the land surface, the SAS is highly susceptible to direct infiltration of 
contaminant from OWTS. OWTS introduces contaminants into the subsurface via percolation 
through the vadose zone into the unconfined aquifer systems and subsequent discharge as 
baseflow into surface water bodies. The region of interest for this study is the SAS in the State of 
Florida.  
The SAS consists of mostly beds of unconsolidated sand, shelly sand, and shell. With 
complex interbedded fine and coarse-texture rocks throughout, limestone beds in the south, and 
clay beds forming confining layers in a few areas in the north. The limestone beds are of concern 




for the contaminant to enter the aquifer system. The geology of the system is comprised of rocks 
dated between late Miocene to Holocene period; however, the formations are usually thin, with 
only a few formations present at any one location (Table 2.1) (Miller, 1990).  
 
 
Figure 2.2: Map of aquifer systems and their extent in the State of Florida. 
(http://www.dep.state.fl.us/swapp/Aquifer_Pframe.html) 
 
Groundwater in the SAS moves quickly along short flow paths and discharges as 
baseflow to streams. Water flow paths in the system control contaminant transport, affecting 
groundwater and surface water bodies. In addition, the clayey confining layer is leaky in some 
areas, leading to poor confinement of the aquifer systems. In some cases the higher hydraulic 
head from the FAS will cause water to leak upward through the clayey confining layer and vice 





Table 2.1: Rocks series comprising the SAS for the State of Florida. Table courtesy of U.S. 
Geological Survey. 
 
2.5 Previous Studies 
 The susceptibility of Florida’s aquifer systems to contamination have led to previous 
studies and development of Florida aquifer vulnerability maps. The first aquifer vulnerability 
map developed by Florida’s Department of Environmental Protection utilized the DRASTIC 
model to determine vulnerability based on parameters significant in contaminant transport. This 
study was later succeeded by the Florida Aquifer Vulnerability Assessment (FAVA), which 
utilized the weight of evidence model (described later) to predict areas vulnerable to nitrate 
contamination based on well data of measured nitrate concentrations. 
2.5.1 DRASTIC model 
A standardized system for evaluating groundwater contamination potential using 
hydrogeological settings is the DRASTIC model, developed through a collaboration between the 
EPA and National Water Well Association (NWWA) (Arthur et al., 2005). The DRASTIC model 




topography, impact of vadose zone, and hydraulic conductivity. These parameters define “a 
composite description of all the major geological and hydrologic factors that affect and control 
the groundwater movement into, through, and out of an area” (Aller et al., 1985). The DRASTIC 
model calculates an aquifer vulnerability index based on a system of rates and weights. Each of 
the seven parameters is assigned rates on a scale of 1 to 10 based on their effect on aquifer 
vulnerability and weights from 1 to 5 based on their relative importance (Babiker et al., 2005). 
Next, the DRASTIC index is computed using a weighted sum approach where the rate for each 
parameter is multiplied by the weight for each parameter and then summarized (Babiker et al., 
2005): 
 
 DRASTIC index = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw                  (2.3) 
 
where D, R, A, S, T, I, and C are the seven parameters described in Table 2.2 and subscript r and 
w are the corresponding rating and weights, respectively (Babiker et al., 2005). 
The DRASTIC model implemented in GIS to predict areas vulnerable to contamination was 
completed for the State of Florida in 1998 (Arthur et al., 2005).  The result depicts aquifer 
vulnerability with a DRASTIC index value ranging from 1 to 276, with the higher value 
indicating areas of high aquifer vulnerability as shown in Figure 2.3.  
While the DRASTIC index model has clear advantages for certain applications, it also has 
many limitations. The advantages of the DRASTIC index model include its applicability to 
multiple contaminants, easily obtainable or interpolated data, and large number of parameters for 
good representation and reduced impact of errors (Babiker et al., 2005). On the other hand, there 
are a number of limitations of the DRASTIC index model as described in Arthur et al.(2005) and 
Babiker et al. (2005), including: 
 High sensitivity to certain parameters, but underweighted important of the net recharge 
and hydraulic conductivity parameters 
 A subjective ranking system 
 Results with angular boundaries (due to sharp transitions between datasets) 
 Does not account for karst features 
 Over emphasized slope 




Due to the limitation of the DRASTIC index model, an update to the vulnerability study was 
completed in 2005. A brief description of the 2005 FAVA study is given next. 
 
Table 2.2: DRASTIC model parameters with description and relative weight.  







Surficial Aquifer System 
DRASTIC Vulnerability for Florida 
 
 
Figure 2.3: DRASTIC vulnerability map for the Surficial Aquifer System. A higher DRASTIC 
index score represents areas with higher vulnerability to contamination (Aller et al., 1985 and 









The FAVA completed by the Florida Department of Environmental Protection in 2005 
utilizes the Weight of Evidence (WofE) model to make predictions based on spatial data. WofE 
is a data-driven process that measures evidence on one side of an issue as compared with the 
evidence on the other side of the issue, or to measure the evidence on multiple issues.   
The FAVA developed predictions displayed as statewide aquifer vulnerability maps for 
the SAS, the IAS, and the FAS. In the WofE model, the vulnerability maps are based on the 
Bayesian statistics. The modeling utilizes training points or areas of known occurrences to assess 
prior probability, weight spatial data, and posterior probability of the results.  The training points 
used in this model are wells with a sampled total dissolved nitrogen concentration greater than 
the median value of those sampled. Then, the spatial data is weighed based which areas of the 
evidence share a greater association with location of training points, and are known as evidential 
themes. Evidential themes are combined in GIS to produce a response theme. The response 
themes show the probability that a unit area contains a training point based on the evidence. The 
probability is delineated to generate a probability map illustrating aquifer vulnerability. 
A response theme for the SAS illustrating areas vulnerable to contamination is shown in 
Figure 2.4. The evidential themes used in the SAS map include soil permeability, closed 
topographic depression, and depth to water table. The complete set of evidential themes 
considered include: karst features, depth to aquifer, soil properties, confinement thickness, head 
difference, and other hydrogeological parameters; however, some were not used because they did 
not meet the test of significant or the weights were counterintuitive with regards to hydrologic 
processes and vulnerability (Arthur et al., 2005). The probability values were delineated based on 
where a stepwise increase in posterior probability relating to cumulative area occurred. As a 
result, 5% of the area is less vulnerable, 29% of the area is vulnerable, and the remaining 66% of 
the area is classified as more vulnerable. The main advantage of the FAVA with the applied 
WofE model is its updatable format, data driven analysis, empirical calculation, and limited 
subjectivity. The limitations of this model are data time sensitivity, 30-meter resolution, and 
intrinsic vulnerability, which do not take into account natural and human sources of 
contamination or specific contaminants. 
The FAVA result provides a more detailed, data driven assessment of aquifer 




predicts greater vulnerability in central Florida, with less vulnerable regions in the upper sand 
and gravel aquifer, northeastern Florida, and vulnerable areas along the southwestern water 
boundary. The FAVA is based on measured concentrations of nitrate in wells; therefore, results 
depict current conditions based on the incorporation of all nitrate contributing sources. The 
DRASTIC model offers a more generalized aquifer vulnerability assessment based on the 
properties that control and affect groundwater movement. Similar to the FAVA model, the 
DRASTIC model predicts lower vulnerability in the sand and gravel aquifer. The central region 
of Florida is vulnerable with the exception of a few localized areas. The most vulnerable region 
is in southern Florida.  The Everglades National Park is not included in the FAVA. Overall, the 
two models observed similar trends on a small scale, with the FAVA model providing more 
detail at the larger scale. An alternative approach in modeling aquifer vulnerability presented in 
this study includes details considering human sources of contamination from OWTS. This 
approach will determine SAS vulnerability through the contaminant fate and transport processes 








Figure 2.4: Florida Aquifer Vulnerability Assessment response theme for the Surficial Aquifer 






CHAPTER 3  
METHODS 
The following section discusses the contaminant fate and transport approach in 
determining aquifer vulnerability and the utilization of GIS-based modeling of spatially variable 
data.  
3.1 Transport Equation  
The calculation for contaminant removal in the vadose zone is based on the simplified 
advection-dispersion equation in N-calc (Rao et al., 1985; McCray et al., 2010). The contaminant 
removal equation accounts for contaminant removal through first-order nitrification and 
denitrification processes and considers operational parameters (effluent concentration, effluent 
loading rates, porosity, and soil depth) and sorption and reaction parameters for nutrient 
transformation (linear sorption, nitrification rates, and denitrification rates) (Jury et al., 1987; 
McCray et al.,2010). The simplification ignores the effects of dispersion and assumes steady 
state conditions (Schlosser et al., 2002).  
The simplified contaminant removal equation is an exponential decay function, which 
calculates the concentration of ammonium and nitrate as a function of the removal processes, 
expressed as:  
 
          (3.1a) 
 
           (3.1b) 
 
where Co is the initial concentration of ammonium or nitrate (mg/L) , Z is the soil depth (cm), vz 
is the vertical water velocity evaluated as hydraulic loading rate divided by porosity (cm/day), Kr 
is the first-order reaction rate (nitrification for NH4
+ and denitrification for NO3
-), and R is the 
retardation factor. The equation includes reaction rates, retardation, applied effluent 
concentration and the travel time for attenuation of contaminants, which were not considered in 




was replaced by travel time (T) in equation 3.1b. The velocity was estimated as hydraulic 
loading rate divided by the porosity assuming at steady state. 
3.2 Fate Component: effects of environmental factors on N transformation 
Nitrogen transformation is microbially facilitated and thus, affected by environmental 
factors that influence soil microbial activity. The GIS–based nitrogen model considers the effect 
of environmental factors on biological reaction rates by adjusting the maximum reaction rate 
occurring at optimum environmental conditions for the effect of soil temperature and soil 
moisture. Those factors, defined as response functions, are combined linearly and reflect the non-
optimum conditions controlling the first-order biological reaction rates.  
The first-order reaction rate, Kr, is defined as the maximum reaction rate after adjustment 
for non-optimal biological activity. Krmax is adjusted for the effect of soil temperature, soil 
moisture, and soil organic carbon content. The effect of those processes on the first- order 
reaction rate are represented by response functions which are empirical factors accounting for 
non-optimal conditions, expressed as: 
 
                                                  (3.2) 
                                                                                   
where Krmax is the maximum first-order reaction rate (1/day), ft is soil temperature response 
function, fsw is the soil moisture response function, and fz is the soil organic carbon response 
function.  
Soil temperature regulates organic carbon decomposition and nitrogen transformation 
processes. The temperature response function accounts for the influence of increase or decrease 
in temperature deviation from the optimum biological process rate, with a maximum value at 
optimum temperature (Youssef et al., 2003). The temperature response function used for both 
nitrification and denitrification is based on the Van’t Hoff equation:  
 
                   (3.3) 




where T is soil temperature (C), topt is the optimum temperature (C) at which ft equals unity, 
and  is an empirical coefficient (Youssef et al., 2003). The Van’t Hoff equation describes the 
temperature effect on the nitrification and denitrification processes and accounts for the 
temperature sensitivity. The temperature response function results in values between 0 and 1, 
with the value of 1 at the optimum temperature and less than 1 at soil temperatures below and 
above the optimum (Youssef et al., 2003).  
Soil moisture content is another sensitive parameter in the nitrification and denitrification 
processes. Nitrification rates significantly decrease when soil moisture content exceeds an 
optimum amount and may cease at saturation. On the other hand, denitrification conditions are 
optimal as the relative soil moisture content reaches its maximum at complete saturation (Barton 
et al., 1999; Youssef et al., 2003). The response function for soil moisture is based on relative 
saturation rates at field capacity. The soil moisture response for denitrification, fsw is expressed 
as: 
 
                                                   (3.4) 
 
where s is the relative saturation, sdn is a threshold relative saturation below which denitrification 
does not occur, and e1 is an empirical exponent. S is the relative saturation as the ratio of actual 
moisture content to moisture content at saturation ranging from 0 to 1. Because of the lack of 
actual moisture data, the field capacity was used in place of the soil moisture content. 
The soil moisture response function for nitrification is expressed as:  
 





where s is the relative saturation (field capacity), sh and sl are the upper and lower limits of the 
relative saturation range within which nitrification proceeds at optimum rate, swp is the relative 
saturation at permanent wilting point, fs and fwp are the values of the soil water function at 
saturation and permanent wilting point, respectively, and e2 is an empirical exponent (Youssef et 
al., 2003; McCray, et al, 2010).  
The last function controlling the first-order rate process equation is the organic carbon 
response function, fz. In denitrification, microbes use soil organic carbon as an electron donor to 
obtain energy through oxidation (Rivett et al., 2008). The organic carbon content in soil varies 
with depth. The rate adjustment factor for the organic carbon response function (fz) is 1 when 
organic carbon is not limiting. In this study, organic carbon is assumed as non-limiting due to 
organic matter continuously supplied from the applied wastewater effluent (McCray et al., 2010). 
Furthermore, for nitrification, carbon dioxide gas is the main energy source for the 
microorganisms. Soil gas is known to have high concentrations of CO2 (Jury and Horton, 2004) 
thus, it is assumed that sufficient carbon will always be present for nitrification, providing that 
gas diffusion was not inhibited due to high soil water contents.  
An additional process of retardation, represented by R in equation 3.6 below, is 
considered for ammonium adsorbing onto negatively charged soils. On the other hand, nitrate is 
considered to not sorb and thus, has a retardation factor of 1. Retardation is defined as: 
           
                           (3.6) 
 
where ρ (g/cm3) is the bulk density of the soil, Kd (L/kg) is the distribution coefficient, and  (%) 
is the soil moisture content. Kd, the distribution coefficient, is dependent on soil types and 
independent on water content (McCray et al., 2005). 
3.3 Data Sources 
GIS data for the required input data layers are acquired from the United States 
Department of Agriculture (USDA), Florida Department of Environmental Protection, and 
Florida Geographic Data Library (FGDL). The USDA provides soil data for the entire State of 
Florida from the Gridded Soil Survey Geographic (gSSURGO) database in the format of an 




the USDA database include: soil organic carbon, soil water content at field capacity, density, soil 
temperature, and soil texture. From the Florida Department of Health, OWTS dataset was used 
for locations of OWTS effluent discharge.  Lastly, Florida land cover data were obtained through 
the Florida Fish and Wildlife Conservation Commission. Other parameters used in the 
contaminant removal calculation are from literature. Table 3.1 summarizes data sources of 
parameter values and spatial data used in the study. 
 
Table 3.1: Summary of datasets and sources  






U.S. Department of 
Agriculture (USDA)  
Soil data displayed as 









Porosity Rawls et al., 1982 Porosity values for 
USDA soil textures 
GeoRaster 
Coefficients STUMOD 
McCray et al., 2005 
Values for coefficients 




Water Environment Research 




FL land cover Florida Fish and Wildlife 
Conservation Commission 




3.4 GIS Implementation 
The Florida aquifer vulnerability model is implemented in a GIS platform. GIS allows the 
integration of spatial data in heterogeneous formats to represent spatially variable events by 
relating a series of data layers (Bonham-Carter, 1996). In this study, ArcGIS 10.1 is used to 
process and manage spatial data through the input of created data layers. Each layer represents a 
variable in the contaminant removal equation and is algebraically combined based on the 
contaminant fate and transport equation. The workflow schematic for the GIS implementation is 
presented in Figure 3.1. Performing the calculations in GIS allows the display of spatially 





Figure 3.1: Schematic of the workflow for the GIS-based nitrogen removal model. 
3.5 Model Input Parameters 
 The model input parameter that describes the nitrification and denitrification processes 
includes the first-order reaction rate, sorption, and operational parameters. The operational 
parameters considered in this nitrogen removal model include effluent concentration, hydraulic 





3.5.1 Nitrate and ammonium concentration 
Onsite wastewater treatment system effluent releases organic nitrogen that is readily 
decomposed into ammonium. The total nitrogen concentration in conventional OWTS effluent is 
assumed to be in the form of NH4-N with median concentration of 58 mg/L, thus a value of 60 
mg/L NH4
 -N is used as the ammonium input concentration for the nitrification process in the 
single step and two step model (McCray et al., 2005). The single step model considers 
nitrification and denitrification as independent steps, while the two step model considers 
processes as dependent steps.  
A different nitrate concentration is used between the single step and two step models for 
the denitrification process. The single step model assumes nitrate contaminant input from 
performance based OWTS. The single step model starts with an initial NO3-N concentration also 
set at 60 mg/L, assuming all of the ammonium is converted into nitrate before application to the 
soil surface through the use of aerobic treatment systems (McCray et al., 2010). This input 
concentration distribution of 60 mg/L NO3
 -N is presented as an overestimate of nitrate 
concentration and presents the worst case scenario. For the two step model, the concentration of 
nitrate for the denitrification process is obtained from the conversion of ammonium to nitrate 
through the nitrification process in the vadose zone. The two step model utilizes the nitrate 
concentration converted from nitrification at the soil depth equivalent to the depth to water table 
measurement capped at a maximum of 31 cm. Because the two step model is dependent on 
nitrification, the initial nitrogen contaminant concentration input is the 60 mg/L of NH4
 -N from 
conventional OWTS effluent. The input concentrations are based on median OWTS nitrogen 
effluent discharge; however, the absolute value used in the model does not affect the relative 
distribution in the output. 
3.5.2 OWTS location 
The Florida Department of Health maintains a statewide inventory of onsite sewage 
treatment and disposal systems for the State of Florida. The 2009 wastewater inventory database 
is a record of wastewater treatment methods for all parcels compiled from the integration of data 
from the Department of Environmental Protection permitted wastewater treatment facilities, 
Environmental Health Database, and County Health Departments. For parcels with an unknown 




the parcel being on an active OWTS based on parcels with a known wastewater treatment 
method (EarthSTEPS, LLC and GlobalMinda, 2009). The 2009 wastewater inventory database  
provides an overestimate of parcels on an active OWTS. The parcels with OWTS identified in 
the database was used as a contaminant input location for spatially variable contaminant input in 
the existing OWTS application scenario. The inventory is stored and managed with repair 
geometry to repair features of with self-intersections for export of parcels with an active OWTS. 
The exported parcels in polygon feature are then converted to points with the Feature to Point 
tool utilizing the centroid of each polygon to establish a point feature class (Figure 3.2). There 
are 2,559,757 parcels with an OWTS in this 2009 inventory with about 1,612,305 of those 
parcels with corresponding soil data for nitrogen fate and transport calculations. 
3.5.3 Retardation factor 
While nitrates do not readily sorb onto soil, ammonium exhibits sorption, which slows 
the transport of the contaminant and allows its transformation to nitrate via nitrification.  
Sorption is an important process controlling ammonium transformation. Ammonium is adsorbed 
during the wetting pulse of effluent application and is held onto the soil for nitrification when the 
soil dries (Remesh Reddy and Delaune, 2008). The cation exchange process of the ammonium 
sorption process is assumed to be linear, in equilibrium, and reversible (McCray et al., 2010). In 
addition, ammonium sorption is dependent on soil type due their different cation exchange 
capacity, or amount of charged ions a soil can hold onto. Clay-rich groups have a slight excess of 
negatively charged sites, resulting in a high cation exchange capacity (Remesh Reddy and 
Delaune, 2008). Thus, the distribution coefficient (Kd) values are defined for clay-rich and clay-
poor groups. The median Kd values from literature were 0.35 L/kg for clay-poor groups (more 
than 30% clay) and 1.46 L/kg for clay-rich soil groups (more than 30% clay) (McCray et al., 
2010). These values were assigned to the different USDA soil textures for the State of Florida by 
adding a new field in the attribute table. The clay- poor soil textures include: sand, loamy sand, 
sandy loam, loam, silt loam, and silt. All other soil textures were assigned the clay-rich soil 
group Kd value (Figure 3.3). The addition parameters of bulk density (ρ) and soil moisture 
content (θ) were obtained from the USDA soil data and literature. The bulk density is determined 
as the oven dry weight of less than 2 mm soil material per unit volume of soil (g/cm3). This 
weight is exclusive of the desiccation cracks and measured on a coasted clod. The representative 




value for the retardation calculation. The soil moisture content is assumed to equal porosity, 
which represent the saturated water content. The calculated retardation values based on equation 
3.6 ranged from 7.38 to1.72 (Figure 3.4). This data is useful for the nitrification process. 
 
Figure 3.2: Location of OWTS used in the nitrogen removal model. Data based on the 2009 
























































Figure 3.4: Retardation factor raster layer for the State of Florida with values in the range 





3.5.4 Seepage velocity 
The seepage velocity is dependent on the effluent hydraulic loading rate and the porosity 
for corresponding USDA soil textures. A hydraulic loading rate (HLR) of 2 cm/day for 
subsurface trenches was used as a representative value for drain field discharge (McCray et al., 
2010). The porosity values from Rawls et al. (1982) were used for the seepage velocity 
calculation and correspond to the USDA soil textures (Table 3.2). Soil texture refers to the 
relative proportion of particles of various sizes in a given soil and affects the percolation rate of a 
soil. Coarser soil textures will retain less water than fine grain soils, allowing the contaminated 
water to leach into the subsurface faster (Witheetrirong et al., 2011). The soil texture controlling 
the contaminant transport rate is considered through the property of porosity, where seepage 
velocity is calculated as HLR divided by porosity. Values of seepage velocity ranged from 4.65 
cm/day to 3.99 cm/day (Figure 3.5). Areas of low seepage velocity correspond well with areas of 
clay rich soil texture (high Kd) and high retardation.  
 
Table 3.2: Porosity classified by soil texture. Reprinted from Rawls et al. (1982) with 
permission. 





Sand 762 0.437 
Loamy sand 338 0.437 
Sandy loam 666 0.453 
Loam 383 0.463 
Silt loam 1206 0.501 
Sandy clay loam 498 0.398 
Clay loam 366 0.464 
Silty clay loam 689 0.471 
Sandy clay 45 0.430 
Silty clay 127 0.479 


































Figure 3.5: Seepage velocity raster layer for the State of Florida with values in  
the range of 4.65 cm/day to 3.99 cm/day. 
3.5.5 Depth to water table 
The depth to water table controls the depth available for contaminant transformation from 
microbial activity in the vadose zone as described by the travel time (z/vz) in equation 3.1.  
The USDA annual minimum water table depth field for soil depth input is measured as the 
shallowest depth to a wet soil layer (water table) at any time during the year expressed in 
centimeters from the soil surface, for components whose composition in the map unit is equal to 
or exceeds 15%. The depth is estimated based on the observation of the water table at selected 
sites or on the physical characteristics of the soil that are considered evident of a saturated zone 




observed for at least 2 weeks before recording. A high, representative, and low value is provided 
as a range to account for variability. Differences leading to abrupt changes in depth to water 
table measurements between counties are due to the different time of measurement, people 
performing the measurement, and updates to sampling concepts (D. Leach, personal 
communication, 2014). The depth to water table layer using the recorded representative value is 





























3.5.6 Maximum reaction rates 
The maximum reaction rate (Krmax) is adjusted by factors calculated as a response 
functions: ft, fs, and fz to represent non-optimal conditions. The first-order maximum nitrification 
and denitrification rate coefficients were obtained from the cumulative frequency diagram (CFD) 
of reaction rates developed by McCray et al. (2005) (Figure 3.7).  The CFDs were created based 
on literature review of nitrification and denitrification rates observed for natural soils under both 
saturated and unsaturated conditions. 
  
 
Figure 3.7: CFD for the first-order nitrification rate and denitrification rate.  
Figure from McCray et al. (2005). 
 
The CFD distribution for nitrification rates has a higher standard deviation and fewer data 
points compared to the denitrification CFD. The maximum nitrification rate from the CFD was 
exceptionally high (221.1/day). This value resulted in very fast conversion of ammonium to 
nitrate, within 5 cm in most cases, while field data showed nitrification may persist to 31 cm 




(Brown, 2003). Given that nitrification rate data is limited and soil conditions in Florida is based 
on the usually wet and humid conditions, Krmax for nitrification was specified at the 50% CFD 
value coefficient of 3.25 (1/day). At a CFD of 50% set as Krmax, ammonium removal rates 
correspond best to the values observed in studies. Ammonium persisted in the subsurface up to 
31 cm depth and most of the ammonium is removed within 5 cm, as determined from Heatwole 
and McCray (2007) for loam soil group. The removal concentrations for ammonium based on the 
Krmax values chosen at the mean, median, and 50% CFD value are given in Appendix A.  
For denitrification, the rates provided in the CFD ranges from 0.004/day to 2.27/ day. 
However, the Kr values used for the denitrification CFD lacked rates obtained for similar 
unsaturated soil conditions to that of the State of Florida. For this study, the nitrate removal 
calculated at a  Krmax of 0.27 (1/day) at the 75% CFD best represents the 10%- 50% nitrate 
removal percentages given by Anderson and Otis (2000). The nitrate removal concentrations at a 
Krmax from the 50% and 100% CFD value resulted in removal percentages out of the observed 
range provided in literature. The remaining nitrate concentration results calculated with different 
Krmax values from the CFD are given in Appendix A.  
3.5.7 Soil temperature response function 
The nitrogen transformation rate increases with increasing soil temperature until the 
optimal value of 25C and declines with additional increases in temperature (McCray et al., 
2010). The temperature function for both nitrification and denitrification is represented by 
equation 3.3. The soil temperature (T) for Florida is determined from the USDA soil annual 
average temperature map for the contiguous United States, shown in Figure 3.8. The USDA 
assigns soil temperatures based on the interpolation between Natural Resources Conservation 
Service (NRCS) soil temperature stations or through extrapolation. 
The State of Florida is divided into two soil temperature zones, the hyperthermic and 
thermic. The soil temperature regime field is stored in the USDA component table, and the 
annual mean values were assigned to a new field corresponding to the listed temperature for the 
regime. The optimal soil temperature (Topt) is set at 25C. The fitted parameter  is set at 0.186 
and controls the width of the Gaussian-type bell- curve. From equation 3.3, the set coefficient 
parameters will yield a temperature function of 0.50 at 15C. For this study, the temperature 
values obtained from the USDA temperature regime map are used to calculate the soil 






Figure 3.8: Soil temperature regimes for the contiguous United States complied by the USDA 







Figure 3.9: Temperature response function presenting non-optimal temperature conditions 
for first-order biological reaction rate. 
3.5.8 Soil organic carbon response function 
The soil organic carbon content is assumed to be non-limiting for the nitrogen 
transformation process due to the introduction of organic carbon with OWTS effluent. The soil 




3.5.9 Soil moisture response function  
Soil moisture content affects the diffusivity of gases into the soil, controlling oxygen 
availability to nitrifying microbes. Nitrification is an aerobic process that can cease in nearly 
saturated soils, providing the oxygen has been consumed. In addition, in low soil moisture 
conditions, ammonium and aqueous CO2 diffusion into to the pores is limited because of poor 
connectedness of pores, also leading to limited nitrification. The soil moisture function for 
nitrification represents the optimal relationship between substrate and available oxygen levels. 
Peak nitrification is at intermediate water contents and low nitrification is at the low and high 
water content ranges (McCray et al., 2010).  
Denitrification is an anaerobic process that is facilitated by anaerobic conditions created 
by nearly saturated soils. When oxygen is depleted, microbes will utilize nitrate nitrogen as an 
electron acceptor for the denitrification process by transforming nitrate into nitrogen gas. The 
soil moisture function for denitrification is represented by a threshold water filled porosity, 
where below there is no denitrification and above there is an exponential increase in 
denitrification with an increase in water filled porosity.  
The soil moisture function for the transformation processes is represented by equations 
3.4 and 3.5. The relative saturation is calculated as the soil moisture at field capacity divided by 
porosity. Field capacity is used as the soil moisture value due to limited soil moisture data. Field 
capacity values will reduce errors seen with soil moisture data due to seasonal fluctuation and is 
assume to be a reflection of soil moisture content for use in this sensitivity analysis for relative 
comparisons of variability. Since field capacity represents soil moisture content after drainage of 
a saturated soil, we assume field capacity to represent relative difference in moisture content. For 
sensitivity analysis as represented in this study, the assumption would be sufficient to compare 
performance differences among soil types. The soil moisture at field capacity (Figure 3.10) from 
the USDA component attribute table and the porosity values corresponding to the USDA soil 
textures from literature are used in the nitrification and denitrification soil moisture function 
equation. Additional parameter values for coefficients present in the equation are listed in Table 
3.3. The soil moisture function values for the nitrification and denitrification reaction rate 
adjustment calculation is performed in GIS. The resulting raster layers are shown in Figures 3.11 






Figure 3.10: Soil moisture at field capacity expressed as a percentage of the whole soil.  
















Figure 3.11: Spatially variable soil moisture response function value for the nitrification 








Figure 3.12: Spatially variable soil moisture function value for the denitrification process. 
















3.5.10 First-order reaction rate                                       
The first-order reaction rate (kr) for the nitrification and denitrification process is the 
maximum reaction rate adjusted by the response functions for non-optimal biological activity. 
The combination of the maximum reaction rate, soil temperature function, soil moisture function, 
and the soil organic carbon content function is represented by the Kr values shown in Figures 
3.15 and 3.16. The first-order reaction rate after adjustment for the nitrification and 
denitrification reaction ranges from 3.25 – 0.36 (1/day) to 0.27 – 0.0046 (1/day), respectively, 
with a Krmax value at 3.25/ day and 0.27/ day, respectively.  
 
Figure 3.15: First-order reaction rate for nitrification with values in the range  














3.6 GIS Model 
The spatially variable parameters used in the calculation are incorporated into a GIS- 
based model to produce zonation maps illustrating Florida’s surficial aquifer vulnerability based 
on the concentration of ammonium and nitrate reaching the water table. The remaining 
concentrations maps are produced for four different modeled scenarios: single step model with 
blanket application, two step model with blanket application, and existing OWTS application for 
both the single step and two step models. 
3.6.1 Single step process model with blanket application 
The single step GIS- based nitrogen removal model simulates the nitrification and 
denitrification processes separately via a raster approach through the combination of layers based 
on the simplified advection- dispersion equation 3.1. Both processes are calculated with the 
depth to water table value set as the soil depth (z) input. The remaining concentration output 
from the contaminant fate and transport equation is determined for the depth at the water table. 
For the single step nitrification model, a uniform blanket application of 60 mg-N/L as 
ammonium is applied to the entire State of Florida. The model utilizes the inputted concentration 
in the contaminant transport equation and produces results of remaining ammonium 
concentration. Similarly, the denitrification model utilizes the uniform input concentration of 60 
mg-N/L as nitrate to calculate remaining nitrate concentrations. For the single step model with a 
blanket application, nitrate is applied uniformly to the entire State for a sensitivity analysis. The 
initial input concentration of 60 mg-N/L as nitrate for the single step denitrification model 
assumes all of the ammonium is converted to nitrate before application to the soil surface.  
3.6.2 Two step model with blanket application 
The two step GIS-based nitrogen removal model calculates the nitrification and 
denitrification processes as dependent steps. The two step model assumes the nitrification and 
denitrification processes occur in a stepwise manner and not simultaneously. The first step 
simulates the nitrification process with an input concentration of 60 mg-N/L as ammonium with 
the soil depth equivalent to the depth to water table layer capped at a maximum of 31 cm, since 
at a depth of 31 cm below the soil treatment unit, the nitrification process is usually completed 
(Fischer, 1999; Beach 2001). Any depth to water table distance remaining after 31 cm is used as 




the concentration of nitrate converted from the ammonium via the nitrification process in step 
one. Step two is the removal of nitrate through denitrification, providing final results of 
remaining nitrate concentration at the water table depth. For the blanket application approach, a 
uniform input concentration of contaminant is applied to the entire State. 
 3.6.3 Existing OWTS application for single step and two step model 
The existing OWTS application model calculates nitrogen removal with the single step 
and two step approach based on effluent input at existing locations of active OWTS in a point 
feature approach. An initial concentration of contaminant is applied to the areas influenced by 
OWTS effluent discharge. Parameters from the developed raster layers are converted to point 
features classes for the calculation. The calculated result of remaining nitrate concentration from 
the single step and two step modeling method provides information on areas currently affected 
by OWTSs. The point feature results are then interpolated with the kriging method described 
below to provide a probability of nitrate exceeding a set threshold and areal extent of 
contaminant influence from OWTS effluent loading.  
Probability. Kriging is a stochastic method for interpolation used to predict values for 
unmeasured locations by weighing the surrounding measured values based on autocorrelation. 
Kriging associates probability with the predictions and also assess the errors. Predictions are 
computed by assigning weights based on distance between measured points, prediction locations, 
and spatial arrangement among the measured points (ESRI, 2014). Points that are closer together 
are assumed to be more similar than points further apart. The observed trend which models 
autocorrelation as a function of distance can be described by different kriging models. Indicator 
kriging predicts the probability of a point exceeding a set threshold through the process of 
ordinary kriging. 
Indicator kriging determines the probability of the remaining contaminant levels at the 
water table reaching the set threshold. The model is based on the equation described below: 
 
I(s) = μ + ε(s)                                                    (3.6.3-1) 
 
where I(s) is a binary variable, μ is the unknown mean constant, and ε(s) is the autocorrelated 




0 if the value is below the threshold and 1 if the value is above the threshold. The indicator 
kriging method is applied to the existing OWTS application for the single step and two step 
models. A different threshold is used for the single step and two step model based on the 





























CHAPTER 4  
RESULTS AND DISCUSSION 
The following section describes the results from the methodology presented in Chapter 3. 
Florida surficial aquifer vulnerability maps are produced from the GIS-based N-calc single step 
model with blanket application, two step model with blanket application, and existing OWTS 
application for the single step and two step model. The models indicate the likelihood of areas 
susceptible to nitrate contamination based on remaining nitrate concentrations calculated from 
the contaminant fate and transport equation.  
4.1 Single Step Model with Blanket Application 
The results of remaining contaminant concentration from the single step model with 
blanket application provide details on the sensitivity of the model. The remaining ammonium 
and nitrate contaminant concentration results at the water table depth for the State of Florida are 
depicted in Figure 4.1 and Figure 4.2, respectively. The remaining NH4-N concentration 
distribution after nitrification is less than 1 mg/L for most regions (Appendix A). Higher 
ammonium concentration regions are due to shallow depth to aquifer values and/or low kr rates, 
preventing complete conversion of ammonium to nitrate. In addition, regions with an NH4-N 
concentration of 60 mg/L correlate with a value of zero depth between the soil surface and the 
water table. This relationship is also present for the remaining nitrate concentration result for 
denitrification.  
The denitrification process is highly sensitive to water table depth. The remaining 
concentration of nitrate in Figure 4.2 corresponds well with the depth to water table layer. The 
depth to water table value controls the amount of time for denitrification. A uniform blanket 
application of 60 mg-N/L as nitrate to the entire State results in the calculated NO3-N 
concentration to be in the range of 35 mg/L – 60 mg/L, with most of the values between 50 mg/L 
to 60 mg/L(Appendix A). While the remaining nitrate concentration calculation is also sensitive 
to the first- order denitrification rate, little spatial variation between kr values is present for the 
State of Florida. Denitrification rates for the State range from 0.27/ day to 0.0046/ day, where a 
kr value of less than 0.03/ day constitutes a majority of the area.   
 The Florida surficial aquifer vulnerability map for the single step model is based on the 




classification of vulnerability is based on nitrate concentrations reaching the water table, 
categorized into less vulnerable, vulnerable, and more vulnerable based on Jenks’ Natural Breaks 
algorithm. Natural breaks classification identifies groups with similar values and maximizes the 
difference between classes (ESRI, 2014). The histogram for the remaining nitrate concentration 
with the natural breaks used for delineation of the vulnerability zones is provided in Appendix C. 
While a small percentage of the remaining NO3-N concentration is below 10 mg/L, the EPA 
MCL for nitrate in drinking water is not applicable to nitrate concentrations in the vadose zone; 
thus, the MCL is not useful as a classification break for the vulnerability map. Based on natural 
breaks classification for the listed remaining nitrate concentration, the model result in Figure 4.3 
illustrates that the most vulnerable areas are along the borders of water bodies and areas in 
southern Florida. The vulnerable areas are mostly grouped around central Florida and less 


















Figure 4.1: Remaining NH4-N concentration after contaminant removal through nitrification in 














































Figure 4.2: Remaining NO3-N concentration after contaminant removal through denitrification in 














































Figure 4.3: Florida surficial aquifer vulnerability map based on the single step nitrogen 






Certain zones within the sand and gravel aquifer system are classified as less vulnerable 
due to a greater depth to water table and interbedded layers of low permeability. The sand and 
gravel aquifer system contains zones of greater depth to water table when compared to most 
areas in Florida. Deeper areas allow more time for the microbial facilitated nitrogen removal 
process to occur. Furthermore, interbedded layers of silt and clay also hold the contaminant for 
the nitrification and denitrification processes. The low permeability layers form local confining 
conditions within the aquifer, contributing to greater water table measurements and further 
protecting this water source. As a result, zones with less permeable sands and clays correlate 
with lower vulnerability and zones with high permeability are classified as vulnerable (Florida 
Department of Health, 2014).   
The high vulnerability areas correlate with the spatial distribution of shallow depth to 
water table. The trend is observed when comparing the aquifer vulnerability map with the water 
table depth layer in Figure 3.6. Water table depth largely influences the time available for the 
nitrification and denitrification processes. Shallow water tables result in limited conversion of 
nitrate into nitrogen gas and therefore, higher vulnerability from remaining nitrate 
concentrations. 
4.2 Two Step Model with Blanket Application 
The two step model based Florida surficial aquifer vulnerability map is dependent on 
both nitrification and denitrification processes. The two step model calculates remaining nitrate 
(Figure 4.4) from the input of initial nitrate converted from ammonium in the nitrification 
process. Figure 4.5 shows the concentration of remaining ammonium not converted into nitrate. 
The initial nitrate converted from nitrification is obtained as the difference in value between the 
60 mg-N/L as ammonium used as the starting blanket application input concentration and the 
remaining ammonium. The initial nitrate concentration is then applied to obtain the nitrate 
concentration remaining after denitrification. The remaining nitrate concentration distribution is 
then classified into three aquifer vulnerability groups based on the natural breaks calculated in 
ArcGIS (Appendix C). The two step model predicts more vulnerable areas in southern Florida 
and vulnerable areas in northern and central Florida (Figure 4.6). Compared to the single step 
model, the two step model predicts a higher overall trend in aquifer vulnerability for the sand and 














































Figure 4.4: Remaining nitrate concentration for the two step model after contaminant removal 
















































Figure 4.5: Remaining ammonium concentration after contaminant removal through nitrification 









































Figure 4.6: Florida surficial aquifer vulnerability map based on the two step 
nitrogen removal model. Remaining NO3-N concentrations in mg/L. 
 
 The two step model aquifer vulnerability result is based on the amount of nitrate removed 
from denitrification as a function of initial nitrate input after nitrification. This two step model is 
more sensitive to the depth to water table value and soil moisture content. For the two step 
model, the available water table depth for denitrification is reduced because the first 31 cm of 




available for denitrification. However, very shallow water table depths and limited or high soil 
saturations will result in incomplete conversion of ammonium to nitrate, resulting in a lower 
initial nitrate concentration available for denitrification. Due to the assumptions for this model, 
the total nitrogen levels represented as remaining ammonium plus nitrate is depicted in Figure 
4.7. Total nitrogen values are important in assessing the impacts of aquifer vulnerability from 
remaining levels of unconverted ammonium. Overall, the total nitrogen distribution pattern 
follows that of the water table depth layer, resulting in higher total nitrogen in areas of shallow 
water table depths.  
 
Figure 4.7: Total nitrogen levels based on the combination of remaining ammonium 




Compared to the single step nitrogen removal model, the two step model predicts more 
regions of less vulnerable. The greater regions of less vulnerable predicted by the two step model 
correspond to the shallow depth to water table available for nitrification. Incomplete conversion 
of ammonium to nitrate resulted in an incorrect representation of vulnerability presented when 
the water table depth is very shallow (less than 5 cm) (Figure 4.8). At very shallow depth to 
aquifer locations, little or no ammonium is converted to nitrate, resulting in low nitrate 
concentrations. Regions with very shallow depth to aquifer will be inaccurately classified as less 
vulnerable.  
 
Figure 4.8: Regions with a water table depth of 5 cm or less, making up 24.3 % 




4.3 Existing OWTS Application Models 
 The existing OWTS application models for aquifer vulnerability are based on the 
attribute table calculation approach with point feature class data. Nitrate removal is calculated for 
points with active OWTS locations, for where soil data is available. The single step removal 
model and the two step model are both applied to the existing OWTS contaminant application 
approach. Aquifer vulnerability for the existing OWTS application models are depicted as the 
probability of nitrate exceeding a threshold determined by the geometric interval from the 
remaining nitrate concentration distribution (Appendix B). The results classified into 
vulnerability classes based on the natural breaks in the distribution of count versus probability of 
exceedance, as shown in Appendix C, present areas currently influenced by nitrogen input from 
OWTS. However, the radial extent of the contaminant transport is estimated by kriging for over 
a large range and does not represent actual flow patterns. The existing OWTS application models 
predict probability of vulnerability based on the indicator kriging technique for point data 
interpolation. Locations further away from OWTS are less vulnerable and vulnerability at a point 
with an OWTS is based on the soil parameters considered in the contaminant fate and transport 
equation.  
 4.3.1 Single step OWTS model 
The aquifer vulnerability for the single step existing OWTS nitrogen removal model 
depicts areas being less vulnerable in northern and central Florida (Figure 4.9). Vulnerable areas 
border the outer parameter of less vulnerable areas, and more vulnerable areas surround costal 
water bodies.  
 4.3.2 Two step OWTS model  
The aquifer vulnerability for the two step existing OWTS nitrogen removal model also 
depicts areas being less vulnerable in northern and central Florida, with vulnerable areas 
bordering the outer parameter of less vulnerable and more vulnerable areas surround costal water 
bodies (Figure 4.10). However, when compared to the single step existing OWTS nitrogen 
removal model, the two step model shows northern Florida with higher vulnerability zones and 
central Florida with greater areas of less vulnerability. These differences correlate with the 













































Figure 4.9: Florida surficial aquifer vulnerability map based on the single step OWTS nitrogen 
removal model with vulnerability classification based on the natural break in the predicted 















































Figure 4.10: Florida surficial aquifer vulnerability map based on the two step OWTS nitrogen 
removal model with vulnerability classification based on the natural break in the predicted 





4.3 Comparison of the Advantages and Limitation of the Nitrogen Removal Models 
 The four nitrogen removal models each have different advantages and limitations. A 
comparison of each model provided in Table 4.1 will assist in determining the optimal model to 
utilize in reducing the human and environmental impacts of land use decisions.  
  
Table 4.1: Advantages and limitations of the different nitrogen removal models 
Nitrogen Model Advantages Limitations 
Single step- blanket 
application 
 Provides sensitivity analysis 
 Most simple, with the least 
assumptions and uncertainty  
 Considers vulnerability based on 
soil conditions for the entire State 
  Assumes 60 mg/L nitrate nitrogen 
as initial contaminant concentration 
input 
 Not representative of current aquifer 
vulnerability conditions from 
OWTS effluent 
 Only considers the denitrification 
process 
Two step- blanket 
application 
 Calculates vulnerability based on 
soil conditions of the entire State 
 Considers both the nitrification and 
denitrification processes.  
 Bias at shallow water table depth 
 Not representative of current aquifer 
vulnerability conditions 
 Nitrification and denitrification not 




 Considers aquifer vulnerability 
from current location of OWTS 
 Assumes 60 mg/L nitrate nitrogen 
as initial contaminant concentration 
input 
 Estimate of vulnerability based on 
kriging interpolation not 
representative of radial extent of 
OWTS effluent 
 Only considers the denitrification 
process 
Two step- existing 
OWTS application 
 Considers aquifer vulnerability 
from existing OWTS effluent 
discharge 
 Considers both the nitrification and 
denitrification processes. 
 
 Bias at shallow water table depth 
 Nitrification and denitrification not 
modeled as simultaneous reactions 
 Estimate of vulnerability based on 
kriging interpolation not 
representative of radial extent of 
OWTS effluent 
4.4 Comparison of GIS-Based N-calc Model to DRASTIC and FAVA 
The GIS-based N-calc nitrogen removal model presents an alternative method in 
assessing aquifer vulnerability.  The N-calc nitrogen removal model calculates remaining 




nitrification and denitrification processes that are also dependent on soil moisture, temperature, 
and organic carbon content. When compared to the DRASTIC model approach, the N-calc 
method considers groundwater flow specified to include parameters affecting nitrogen fate and 
transport. This model offers a more detailed approach, which models aquifer sensitivity with the 
single step approach and two step approach, both used to model current aquifer vulnerability 
based on OWTS location data. The N-calc model is also more dynamic than the FAVA model. 
The FAVA model is based on the use of training points from well data. The model does not 
allow a general sensitivity map detached from current measured levels of nitrate concentration 
from a mixture of anthropogenic and natural sources. In addition, the N-calc model allows the 
user to define the source location and concentration, adjusting the initial input concentration to 
forecast future vulnerability.    
 A comparison of the results from the N-calc based single step approach and the 
DRASTIC model show similar delineation of surficial aquifer vulnerability at the smaller scale. 
For a comparison of the two models, the DRASTIC index scale can be converted to less 
vulnerable, vulnerable, and more vulnerable based on the grouping of the values to match the N-
calc vulnerability representation based on natural breaks. Based on the similar vulnerability 
classification, the DRASTIC model also predicts less vulnerable zones in the sand and gravel 
aquifer, with vulnerable zones in central Florida and southern Florida. The main difference 
between the two models at the larger scale is the details within the overall less vulnerable, 
vulnerable, and more vulnerable regions. The N-calc based model reveals more vulnerable zones 
within central Florida and vulnerable zone in northwestern Florida. In contrast, the DRASTIC 
model yields greater zones with a vulnerable classification within central Florida and less 
vulnerable zones in northwestern Florida.  
 Lastly, a comparison of the N-calc based single step model to the FAVA model shows 
similarities both at the small and large scale. The N-calc based single step model and the FAVA 
model have similar areas classified into the three vulnerability classes (Figure 4.11).The overall 
trend of less vulnerable in the sand and gravel aquifer and more vulnerable in southern Florida is 
observed for both models for areas with predications. Within the southern Florida region, similar 
areas of less vulnerable are present in both models. The main difference between the models is 
observed for the larger scale in northern Florida. For the N-calc based single step model, the 




less vulnerable, seen in the FAVA model. On the other hand, less vulnerable to vulnerable zones 
dominate the sand and gravel aquifer in the N-calc based model, while the FAVA model 
predicted more vulnerable zones in the southern half of the sand and aquifer model. The 




Figure 4.11: Cumulative area in percentage in each vulnerability classification class for all 
nitrogen removal models and the FAVA model. 
 
The main advantages of the N-calc based nitrogen removal model include: 
 Consideration of parameters influencing the fate and transport of nitrogen in the vadose 
zone 
 Model is more detailed and based on the application of the advection- dispersion equation 
 Updatable and flexible in adjusting contaminant input concentration and location 
 Utilizes human sources of contamination from OWTS 
 10- meter resolution for raster map unit format 
 Mostly data driven analysis  
 Data is easily obtainable  




The disadvantages of the N-calc based nitrogen removal model include: 
 Observations made only for the vadose zone , representing only areas of the surficial 
aquifer system 
 Some USDA soil parameters are data time sensitive 
 Model sensitive to water table depth and first-order biological reaction rate, with high 







 SUMMARY AND CONCLUSION 
 Florida’s surficial aquifer system is vulnerable to contamination from anthropogenic 
sources stemming from land use practices. In Florida, onsite wastewater treatment systems 
contribute to nitrogen loading into the vadose zone and aquifer system. This study modeled the 
fate and transport of nitrogen in the vadose zone based on a simplified groundwater flow 
equation implemented in geographic information systems. The resulting aquifer vulnerability 
maps produced with spatially variable soil data will facilitate efforts of land management in 
protecting water resources for better human and environmental health.  
 
The key findings of the study are listed below: 
1. Depth to water table in Florida is generally shallow, ranging from 0 cm to 203 cm with 
24.3% the area ≤ 5cm. The most vulnerable areas correlate with shallow depth to water 
table measurements.  
2. The more vulnerable areas in Florida correlate to locations of limestone layers and 
wetlands prominent in the southern region of Florida. Karst features provide direct flow 
paths for contaminant transport while wetlands are zones with near surface waters.  
3. Zones within the gravel and sand aquifer are less vulnerable. The lower vulnerability is 
attributed to the deeper depth to water table measurement. A lower vulnerability 
correlates with known occurrences of silt and clay confining lenses.  
4. The first- order biological reaction rate controls the amount of contaminant conversion 
based on the nitrification and denitrification process. Higher kr values result in more 
removal of ammonium and nitrate. In the case of denitrification, the end product of inert 
nitrogen gas mitigates the health impacts of nitrogen present in the form of nitrate. 
5. Streams near OWTS are of concern due to the discharge of the groundwater as baseflow. 
Groundwater from the surficial aquifer system moves along quick and short flow paths, 




5.1 Recommendations for Future Research 
 The following recommendation for future research addresses the limitations in available 
data and options to improve modeling efforts for the end user. The recommendations include 
revisions to the aquifer vulnerability maps to reflect updated or new data sources.  
1. Validate and calibrate model with measured nitrate levels in the vadose zone at USDA 
water table depths. Samples of nitrate and ammonium concentrations in the vadose zone 
will provide measurements for model calibration.  
2. More detailed study can be conducted for a smaller study area of interest, such as a 
county in Florida, where collection of nitrogen samples is more feasible and GIS-based 
calculations are less intensive.  
3. Update maps to reflect most up-to-date USDA data. Updates to USDA data will reflect 
new data collection methods, standardization and smoothing of boundary layers between 
measurement locations, and any changes to observed patterns. 
4. Incorporate Florida Department of Health data on OWTS technologies. Initial 
concentration input can reflect nitrogen concentrations released from performance based 
OWTS.  
5. Automating the workflow by using GIS model builder to streamline updates to the 
vulnerability maps. Model builder can streamline the calculation process conducted 
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 Krmax RATES 
Distribution of remaining contaminant concentration for different first- order maximum 
denitrification and nitrification rates. Plots are of count versus remaining concentration in mg/L, 



















Krmax = 0.042 
 
Figure A.2: Distribution of remaining nitrate concentration for a krmax of 0.42 (1/day). 
 
Krmax = 2.27 
 





Krmax = 3.25 
 
Figure A.4: Distribution of remaining ammonium concentration for a krmax of 3.25 (1/day). 
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 KRIGING PARAMETERS 
The kriging parameters listed in Table B.1 is used in the indicator kriging approach to 
predict probability of exceedance based on the remaining nitrate concentration calculated from 
the existing OWTS application models. The kriging method was applied to both the single step 
and two step nitrogen removal models.  
 
Table B.1: Kriging parameters used for nitrogen removal model. 
  OWTS Single Step OWTS Two Step 
Model Name Kriging Kriging 
Kriging Method Type Indicator Indicator 




Primary Threshold 51.68 53.05 
Type Smooth Smooth 
Continuous Factor 0.2 0.2 
Major Semiaxis 31867.43 31867.43 
Minor Semiaxis 31867.43 31867.43 
Angle 0 0 
Number of Lags 12 12 
Lag Size 2574 2236.64 
Pairs Type semivariogram semivariogram 
Nugget 0.09 0.077 
Model Type Spherical Spherical 
Range 15494.83 13949.7 
Anisotropy FALSE FALSE 







CLASSIFICATION OF AQUIFER VULNERABILITY 
Plotting the count against the probability of exceedance for the existing OWTS 
application models and the count against the remaining nitrate concentration for the single step 
and two step models allowed the delineation of class breaks for vulnerability classification based 
on natural breaks in the data. The classification into less vulnerable, vulnerable, and more 
vulnerable zones are based on the three natural breaks classes in the data. The plots for each 










Figure C.2: Class breaks for vulnerability delineation of the two step- blanket application. 
 






























SUPPLEMENTAL ELECTRONIC FILES 
The supplemental electronic files included in this thesis contain all of the data used to 
produce the aquifer vulnerability maps for the State of Florida. The files are organized in 
different geodatabase for view in ArcCatalog. The version of ArcGIS used for the compilation of 
this data is 10.1.   
 
Notes: 
File: Soil (7) 
 
 
 Geodatabase: Blanket App 
GIS raster layers of results from blanket application for the single step and two step 
models.  
   
Descrption for above layers 
Remaining nitrate concentration for two step model with blanket application 
Remaining nitrate concentration for single step model with blanket application 
Reclassification for remaining nirate concentration for single step model with existing OWTS 
application 





Reclassification for remaining nirate concentration for two step model with existing OWTS 
application 
Reclassification for remaining nirate concentration for two step model with blanket 
application 
Reclassification for remaining nirate concentration for single step model with blanket 
application 
 
Geodatabase: OWTS App 




Descrption for above layers 
Probability of exceedance for single step model with existing OWTS 
application 
Cden_pt layer clipped with Fl boundary 
Probability of exceedance for two step model with existing OWTS 
application 
Cden_ptcp layer clipped with Fl boundary 
 
Geodatabase: FL Boundary 
   
Descrption for above layer 





Geodatabase: Derived Layers_OWTS 
 
Descrption for above layer 
Feature class used for the calculations based on the OWTS application appoarch 
 
Geodatabase: Derived Layesr_Blanker 
 
Descrption for above layer 
Remaining nirate concentration for single step model with blanket 
application and krmax at 0.42 
Remaining nirate concentration for single step model with blanket 
application and krmax at 2.27 
Remaining ammonium concentration for single step model with blanket 




Remaining ammonium concentration for two step model with blanket 
application and krmax at 2.9 
Remaining ammonium concentration for single step model with blanket 
application and krmax at 3.25 
Remaining ammonium concentration for two step model with blanket 
application and krmax at 3.25 
Soil mositure function for denitrification 
Soil mositure function for nitrification 
Soil mositure function times soil temperature function for denitrification 
Soil mositure function times soil temperature function for nitrification 
Soil temperature function 
KD value for State of FL 
Kr for denitrification with Krmax at 0.27 
Kr for nitrification with Krmax at 3.25 
Retardation factor 
Total nitrogen 
Water table depth 
Vertical water velocity 
Water table depth capped at 31cm for two step nitrification process 

















Geobdatabse:  CLC_v2.3_Raster 
 
Descrption for above layer 
Water bodies for the State of Florida 
 
File: DOH_Inventory_2009 
Geobdatabse:  DOH_Inventory_2009 
 
Descrption for above layer 
Export of parcels with active OWTS in polygon 
Export of parcels with active OWTS in point 
All parcels with waste management methods 
 
